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Theoretical Chemistry Answers Bimolecular Signaling Debate in [4Fe4S] Proteins
Jason D. Goodpaster*
In this issue of Chem, Migliore and co-workers performed a theoretical study on redox signaling between the [4Fe4S] clusters in the C-terminal domain of DNA primase and polymerase a. They found that redox signaling cannot be accomplished solely via DNA-mediated charge transport, which requires [4Fe4S]-to-DNA and DNA-to-[4Fe4S] charge transfer.
[4Fe4S] clusters are ubiquitous cofactors in biology; indeed, they are structurally and functionally versatile, predate DNA and RNA, and might have even played a role in the origin of life itself.
1,2
Recently, [4Fe4S] clusters have been discovered in DNA helicase XPD (which acts in DNA repair), helicase-nuclease Dna2 (which is involved in the Okazaki fragment process of replication), and all replicative DNA polymerases. 3, 4 Therefore, [4Fe4S] clusters are believed to play a significant role in both DNA replication and repair. Additionally, defects in [4Fe4S] clusters can lead to developmental diseases and cancer, making elucidating their mechanism of signaling critical in the development of new drug targets. 5 The proposed signaling pathways that have been suggested involve the DNA-mediated charge transfer between two [4Fe4S] clusters. For the case of DNA replication, the idea is that a [4Fe4S] cluster in DNA primase can transfer a charge to or from a [4Fe4S] cluster containing polymerase a. This charge-transfer process proceeds through DNA-used like a telephone wire-to generate a line of communication between enzymes. This ''DNA telephone'' is then the signaling pathway that coordinates the DNA replication activity. Figure 1 shows this signaling pathway, where either (1) a hole can transfer from the DNA primase to polymerase a or (2) an electron can transfer from polymerase a to DNA primase. In the case of mechanism 1, the hole should first be transferred from p58c to a neutral DNA duplex, then transferred through DNA, and finally transferred from DNA to p180c. Alternatively, in mechanism 2, an electron can first be transferred from p180c to DNA and transported through DNA before being transferred to p58c. This chargetransfer process switches the oxidation states of the [4Fe4S] clusters and results in a reduced cluster in p58c and an oxidized cluster in p180c. This pathway should then promote primer dissociation from DNA primase and primer association to polymerase a.
O'Brien et al. performed a careful experimental study that proposed this mechanism. 7 However, an alternative mechanism based on p58c motion for the termination of primer synthesis and the handoff to polymerase a has been proposed for primer synthesis. 8 Additionally, the O'Brien pathway has been debated because the study used misfolded p58c, and an alternative interpretation explains the data. 9 Additional experimental evidence based on primosome structure supports the p58c motion mechanism, whereas DNA-repair proteins have been shown to utilize charge transfer between [4Fe4S] clusters through DNA. Therefore, the mechanistic debate continues, and all available experimental evidence does not fully support either proposed mechanism for primer truncation and handoff.
In this issue of Chem, Migliore and co-workers set out to answer this debate by performing a theoretical study of charge transfer in this system to determine whether charge transfer between [4Fe4S] clusters and DNA/ RNA is thermodynamically and kinetically possible. 6 Therefore, this is an excellent use of applied theoretical chemistry to answer a complex biological question. cluster to a neutral RNA-DNA duplex is extremely slow such that it would not occur. Additionally, the authors analyzed the different electron-transfer routes and determined the most probable charge-transfer route from the [4Fe4S] cluster to the RNA-DNA duplex. The calculations also demonstrate that hole transfer can also occur in p180c from the duplex to the [4Fe4S] cluster. Therefore, for mechanism 1, the inability to perform hole transfer from an initially oxidized [4Fe4S] 3+ cluster in p58c to a neutral RNA-DNA duplex (step 1 h in Figure 1 ) means that hole transfer cannot be the mechanism of redox signaling in this system.
The possibility of electron transfer (mechanism 2) as the redox signaling pathway was then explored. The authors argue that according to their calculations on hole-transfer in p58c, Figure 1 ) means that electron transfer cannot be the mechanism of redox signaling in this system.
The authors comment on all of the parameters of the system. Given the vast difference in electron-transfer rates, they conclude that their calculation is highly robust to many of the parameters. Therefore, even if there are large errors in their values for reduction potentials, one would still come to the same conclusion that neither electron transfer nor hole transfer is feasible as a redox signaling pathway from polymerase a to DNA primase. Frequently, the inability to obtain crystal structures leaves debate in the conclusions of theoretical studies, given that docking programs have to be used to obtain a structure of the active complex and could be significantly different than the physical system. However, this is not a significant concern in this work because the changes in free energy are so different that even changes in the geometry would not change the interpretation of the results. This is a point to be emphasized because although the authors' absolute rates might not be reli- 
